Photosynthetic energy conversion was investigated in five species of marine unicellular algae, (Dunaliella tertiolecta, Thalassiosira pseudonana, T. weisflogii, Skeletorema costatum, Isochrysis galbana) representing three phylogenetic classes, which were grown under steady state conditions with either light or inorganic nitrogen as a limiting factor. Using a pump and probe fluorescence technique we measured the maximum change in variable fluorescence yields, the flash intensity saturation curves for the change in fluorescence yields and the kinetics of the decay in fluorescence yields. Under all growth irradiance levels nutrient replete cells exhibited approximately the same changes in fluorescence yields and similar fluorescence decay kinetics. The apparent relative absorption cross-section of photosystem II, calculated from the slope of the flash intensity saturation curves, generally increased as cells shade adapted. The decay kinetics of the fluorescence yield following a saturating pump flash can be expressed as the sum of three exponential components, with half-times of 160 and 600 microseconds and 30 to 300 milliseconds. The relative contribution of each component did not change significantly with growth irradiance. As cells became more nitrogen limited, however, the maximum change in fluorescence yield decreased, and was accompanied by a decrease in the proportion of a 160 microsecond fluorescence decay component, which corresponds to the transfer of electrons from QA-to QB. Changes in fluorescence yields were also accompanied by changes in the levels of Dl, a protein which is integral in reaction center II, and CP47, a chlorophyll protein forming part of the core of photosystem II. These results are consistent with a loss of functional photosystem II reaction centers. Moreover, in spite of losses of total cellular chlorophyll, which invariably accompanied nitrogen limitation, the apparent absorption cross-sections of photosystem II increased. Our results suggest that nitrogen limitation leads to substantial decreases in photosynthetic energy conversion efficiency.
In PSII, four basic processes must be coordinated to maximize photochemical energy conversion, namely, light harvesting, trapping of excitation energy and primary charge separation, stabilization of charge separation on secondary acceptors, and the repopulation of the primary electron donor leading to the oxidation of water. Each of these processes requires the synthesis and integration of a number of specific proteins, together with their prosthetic groups. In eucaryotic algae, which are exposed to large variations in their environment, the photosynthetic apparatus is remarkably plastic. For example, the cellular abun-'Supported by the National Atmospheric and Space Agency under grant UPN161-3R-OR-08 (1857-OP-461) and the United States Department of Energy, Office of Health and Environmental Research, under contract No. DE-AC02-76CH000 16. dance of proteins forming reaction centers, intersystem electron carriers, and light harvesting Chl complexes is strongly related to growth irradiance (9, 10, 12, 21, 25, 30) . Protein synthesis is also dependent on the availability ofinorganic nitrogen. A suboptimal supply of inorganic nitrogen leads to chlorosis (3, 20, 27) , which reflects a change in the relative abundance of Chl proteins. However, the effects of growth irradiance and the availability of inorganic nitrogen on the structure and function of the photosynthetic apparatus are poorly understood.
We report here on the effects ofgrowth irradiance and nitrogen limitation on photosynthetic energy conversion efficiency, the relative absorption cross-section of PSII, and the kinetics of electron transfer reactions on the acceptor side of PSII in a variety of marine unicellular algae. Using a pump and probe flash fluorometer to investigate biophysical processes (1 1), we found that the apparent relative absorption cross-section of PSII generally increased as growth irradiance decreased. As cells became more nitrogen limited, the cellular level of Chl decreased; however, the absorption cross-section of PSII increased. Moreover, the maximum change in fluorescence yield, an index of photosynthetic energy conversion efficiency, was highly dependent on the supply of nitrogen, but independent of growth irradiance. Proximate pigment analyses and immunoassays ofCP43, CP47, and Dl suggest that the ratio of light harvesting Chl proteins to PSII reaction centers is highly influenced, not only by growth irradiance (9, 10) but by nitrogen supply as well.
MATERIALS AND METHODS
The marine phytoplankton Dunaliella tertiolecta (chlorophyta), Thalassiosira pseudonana, T. weisflogii, and Skeletonema costatum (all diatoms) and Isochrysis galbana (haptophyta) were grown in F/2 media (14) at 18°C under continuous light provided by banks of cool-white fluorescent tubes. Cells were maintained in exponential growth by daily dilution with fresh media and cultures were continuously bubbled with sterile air. Cells were grown at irradiance levels of 12, 30, 70, 150, 400, and 1040,umol quanta m-2 s-' (400-700 nm) and light was measured within the culture vessels with a Biospherical Instruments QSL-100 47r quantum sensor.
Nitrogen-limited cells were grown under steady state conditions in artificial seawater in 0.85 or 3.2 L chemostats with 75 jM NH4C as the sole inorganic nitrogen source (13) . In this type of continuous culture system, growth rates are limited by the availability of a single nutrient (in our case, inorganic nitrogen), and the specific growth rate, g (d-'), of the cells is identical to the rate at which the culture vessel is diluted with fresh media. Dilution rates were controlled by peristaltic pumps and cells were maintained at steady state for at least a week prior to measurements. All chemostats were kept at 18°C with a continuous photon flux of 150 ,umol quanta m-2 s-' supplied by cool-white fluorescent tubes.
Fluorescence measurements were made on a custom built pump and probe fluorometer which has two excitation and two emission channels. One of the excitation channels provided an actinic flash with an intensity about 10'5 quanta/cm2 and 1.6 ,s half peak duration; the second channel provided the probe flash with energies attenuated to about 0.5% of the actinic flash and 0. (17) . Photosynthesis-irradiance responses were measured with a polarographic 02 electrode as previously described (9) .
To isolate thylakoid membranes, between 600 and 1500 ml of culture were harvested by continuous flow centrifugation, and the cells were ruptured by sonication in 0.4 M sucrose-isolation media (31 (Fig. la) . The ratio of the maximum level ofcellular Chl found at low growth irradiance to the minimum level found at high growth irradiance ranged from 3.8 in the diatom Skeletonema costatum to 2.8 in the chlorophyte Dunaliella tertiolecta. In S. costatum Chl a/cell reached a maximum at a growth irradiance of 30 A,mol m-2 s-' and decreased slightly at lower irradiance levels; this low light decrease in cellular Chl has been reported previously for some species (9), but is not universal (12) and was not found in Thalassiosira weisflogii.
In all species examined, changes in cellular Chl a were invariably accompanied by corresponding changes in accessory Chl. Changes in Chl b and c were correlated with changes in Chl a (Fig. lb) (Fig. ld) .
Changes in the maximum fluorescence yields, s were measured in cells which had been dark adapted for 30 min prior to measurement. Such a long dark adaptation was necessary to obtain maximum At values, apparently because of the lightinduced generation of long-lived quenchers of fluorescence, presumably xanthophylls (6) . Under nutrient-replete conditions, changes in growth irradiance had no effect on At., (Fig. 2a) .
For all species M.a4 averaged 1.44 ± 0.13 (mean ± SD, n = 17).
This mean value is similar to the maximum of 1.6 calculated from the data of Mauzerall (22) for Chlorella vulgaris and for a variety of unicellular eucaryotic algae (1 1).
With increased nitrogen limitation ActI, decreased from 1.6 to 0.45 (Fig. 2b) . For the three species examined, A4)sa is a nonlinear function of,u, saturating at Atmax. The relationship between A4tt and , can be approximated by expression of the form:
The fit of the observed data to this equation is presented in Figure 2c . These data suggest that A4t can be used to estimate the relative growth rates of nitrogen-deficient algae. It has been shown that variable fluorescence is a result of a charge recombination between P680+ and Phaeo-when QA is reduced (8, 19) P680' Phaeo-QA-P680* Phaeo QA-, followed by radiative deactivation of P680* within the pigment bed (15, 16, 18) . Thus, changes in At., reflect a change in the fraction of PSII traps which can perform photochemistry, and imply changes in photosynthetic energy conversion efficiency in PSII (2) .
The kinetics of decay of A\1!Sa were examined under nitrogen replete and light limiting conditions (Fig. 3a) , and under nitrogen limited and light saturated conditions (Fig. 3b) . In all cases the kinetics of A@!,a following a single saturating flash was found to fit a three exponential decay pattern of the form: A4(t) = ai*e(-t/T) + a2*e(-t/T2) + a3*e(-t/r3) (3) where the fast component, rT, ranged from 120 to 160 ,us, the medium component, T2, ranged from 500 to 700 ,s, and the slow component, T3, ranged from 30 to 300 ms. The relative amplitude of T3 remained relatively constant under our experimental conditions. Using more than three exponentials did not improve the quality of the fit as determined by x2 statistics.
We did not find significant changes in the decay kinetics under varying growth irradiance levels in nutrient sufficient media. The amplitudes ofthe three components remained relatively constant for all the species examined. Our data suggested however, that with the increasing nitrogen limitation the relative amplitude, a,, of the 160 ,us component decreased and the relative amplitude, a2, of the 600 ,s increased (Fig. 4) .
The relative absorption cross-sections for PSII, apsil, were calculated from the flash intensity saturation curves for the change in fluorescence yield (Fig. 5) . Representative flash intensity saturation curves are shown for D. tertiolecta grown under light limiting conditions (Fig. 5a ) and nitrogen limiting conditions (Fig. Sc) . The results reveal that the changes in CFpsIu as a function of growth irradiance are species specific (Fig. Sb) (Fig. 5d) . Inspection of the data reveals that under all growth conditions there is generally a negative correlation, within each species, between either Chl a/b or Chl a/c ratios and apsli (Fig.  6) .
Photosynthesis-irradiance relationships are highly dependent on growth irradiance under nutrient replete conditions (9, 12) . Representative data comparing P-I curves for nutrient replete and nitrogen limited cells grown at the same irradiance levels are presented in Figure 7 . Under nitrogen-replete condition, cells had higher light saturated photosynthetic rates and were relatively nitrogen limitation caused a major reduction in CP47, in D,, and, to a lesser extent, CP43 (Fig. 8) . The 
DISCUSSION
The data presented here show that both growth irradiance and the availability of inorganic nitrogen may affect the functional relationship between light harvesting and photosynthetic energy We assume that on the time scale of our measurement, &AtI provides quantitative information about the relative potential for trapping excitation energy and the subsequent electron transfer from RCII to QA (4, 11) . Our results suggest that changes in AS accompanying nitrogen limitation are due to modification of either the electron transport capacity on the acceptor side of PSII or of the PSII reaction center per se (28) .
The decay kinetics of the fluorescence yield on the microsecond and millisecond time domains have been modeled with respect to two electron transfer reactions between QA-and QB (4, 5) . Under our experimental conditions, however, cells were exposed to only one pump flash, hence only one electron transfer from QA to QB occurs. A kinetic model of the single electron transfer, as reflected by the two fast components of the decay of the fluorescence yield, may be summarized as follows: 
T2~600-700 ,us (5) where ,1is the rate at which an electron is transferred from Qa to QB, forming QB and, under the conditions of our measurements, T2 is a combined rate constant for the association of QB in its binding site with QA, and the subsequent electron transfer (5) . Under nitrogen replete conditions the ratio of al/a2 iS constant, implying that growth irradiance has little effect on the equilibrium constant K,. As cells become nitrogen limited, however aI/a2 decreases (Fig. 4) , implying the depletion of the associated QAQB pool. This effect could be due to the increased reduction level of QA, resulting from an inability of a fraction of PSII reaction centers to transfer electrons from QA to QB. This would imply an increase in Fp levels, and a concomitant increase in tsat.
The flash intensity saturation curves for fluorescence reveal that qualitative changes in the absorption cross-section of PSII, resulting from changes in either growth irradiance or nitrogen limitation, are species specific. Increases in cps,, with decreased growth irradiance are well documented (7, 21) , but it should be noted that the phenomenon does not occur in T. weisflogii. duced by a saturating flash, with the result being that excess excitation energy is dissipated as fluorescence. It is interesting to note that nitrogen-limited cells are more susceptible to photoinhibition under continuous irradiance as compared with cells grown at nitrogen-replete conditions (Fig. 7) . It would appear that nitrogen limitation may, by both increasing the apparent cross-section of PSII, and by decreasing the relative abundance of functional PSII reaction centers, lead to an increased sensitivity to photoinhibition (27) .
In summary, our results suggest that both light and nitrogen limitation lead to an increase in the absorption cross-section of PSII. Under light-limited systems, all PSII traps appear to be fully functional; however, under nitrogen limitation, there is a marked decrease in the variable fluorescence yield, indicating a reduction in the photochemical energy conversion efficiency of PSII. These changes correspond to a reduction in the relative abundance of Dl and CP47. Loss of Dl would imply a loss of functional PSII reaction centers (24) , while loss of CP47 might lead to a reduction in the coupling ofenergy transfer from LHCPs to the reaction center. SDS-PAGE results suggest that the relative abundance of a number of other thylakoid proteins is also affected by nitrogen limitation. We propose that thylakoid pro- teins encoded in the chloroplast genome, like Dl, will be generally less abundant than those, like the apoprotein of LHCPs, which are encoded in the nuclear genome. As nitrogen becomes more limiting, free amino acid levels are markedly reduced (32) which appears to lead to an overall reduction in protein synthesis. Addition of surfeit inorganic nitrogen to nitrogen limited cells leads to recovery of maximal photosynthetic energy conversion after 36 h (data not shown). Nitrogen limitation may force competition for amino acids between the chloroplast and cytoplasm protein synthetic machinery.
